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4 ABSTRACT 


A new electrode implant method for recording, 
simultaneously, the electrical activity from several 
regenerating nerve fibres is being developed by a 
physiological research group under the leadership of 
Dr. R. B. Stein. These implants, called “regeneration 
electrode units" (REUs) have been successfully used to 
record nerve impulse activity from the sciatic nerve of 
the Xenopus laevis during unrestrained leg movement. In 
the present arrangement, now being tested on cats, several 
fine silver wire leads run from the REU device to a 
biologically inert "skin button" Containing a multi-pin 
eOcketo Os multi-channel ampliciter arrangement 15 required 
to interface the REU to recording and/or prosthesis control 
SYSTEMS. 

A detailed study of the electrode double layer 
impedance mechanisms is made to TAinedata tor the ampli ior 
input requirements. | 

Aneamplificationemethod to\fuitilt the interfacing 
requirements is proposed and tested. The technique pro- 
vides a means for low noise, interference free transmission 
of signals from the REU, via long unshielded leads from the 
drain and source connections of a field effect transistor 


connected to the REU at the skin socket. 
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CHAPTER 1 


~ 


IMPEDANCE THEORY OF METAL ELECTRODES 


Pale LitLroduet ion 

Metal electrodes are extensively used for the 
extracellular investigation of neural electrical activity. 
Simply speaking, the electrodes are used to conduct to the 
recording apparatus, the potential variations caused by 
extracellular ionic currents responding to nerve action 
potentials. The recently devised regeneration electrode 
unit (REU) described in Section 1.2, is a specialized elec- 
trode involving an array of ten or more silver electrodes. 

Electrode impedance is significantly complicated by 
the interface between the electrode metal surface and the 
electrolytic solution surrounding the body tissue. When 
the electrode is placed in contact with the electrolyte, 
electrochemical reactions occur at the interface. The 
passage of charge across the interface produces a charge 
separation causing the impedance to become Capacitive. 5e- 
cause the surface area of the REUs is small (approximately 
a) a TOes cm’), the interface impedance will contribute a 
significant amount to the total electrode impedance. In 
addition to the aforementioned interface capacitance, there 
is a diffusion process present when an external electric 
field is applied to the electrode. As a result of this 
diffusion process, the electrode impedance resulting will 


display an R-C characteristic that is distributed rather 
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than lumped. Normally, with larger electrodes, these 
mechanisms are less Significant in comparison to the resis- 
tance from the bulk of the solution and they are ignored. 
They cannot be ignored however in the case of small 
electrodes. 

To further complicate matters, the impedance 
mechanisms depend considerably upon the metal type and the 
electrolyte. ingredients and concentration. Voltage- 
dependent non-linearities in the mechanisms may also 
severely distort the externally applied signals and affect 
the secordine results. » Gonsequently, the electrical 
characteristics of the electrode play an important role in 
deciding upon the recording “amplifier input specifications. 
Considerations Of particudar importance are those of 
impedance magnitudes, frequency dependence, amplitude non- 
linearities; electrode shunt capacitance; electrode 
physical requirements and also the electrode-amplifier 
noise requirements. As an example, the impedance magnitude 
will play an important part in determining whether the 
amplifier input device should be a bipolar transistor or a 
field effect transistor. 

The subsequent sections of this chapter attempt to 
bring together much of the widely scattered information on 
electrode theory found in electrochemistry papers and text- 
books, thus providing a more thorough understanding of the 
electrode-saline interface. It is hoped, that in addition 


to supplying information needed to specify the amplifier 
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input requirements to accept the regeneration electrode 
unit, the information will be of value towards providing a 
Moresra tional approach «to the REU."s fabrication ‘and use, 
(wee ninevernmts sof especitying predictable cand tconsistent 
impedance levels for the electrodes). This will prove to 
be of particular value as far as impedance matching of the 
electrodes to the amplifier is concerned. Reproducible and 
reliable nerve signals will be required, particularly if 
the REU proves to be a worthwhile device for neural control 
of Artificial Slumbs. “Consistent electrode ampedance will 
also be of value during differential recordings where 
balancing of source impedance is necessary to optimize the 
common mode rejection of the amplifier. 

The electrode impedance theory of this chapter will 
be applied in obtaining measurement information on the 
impedances of the REU devices in chapter 2. An equivalent 
CircuneeoL thesinputesourcemis made incorder toespecify we 
input properties of the recording amplifier. In the remain- 
ing chapters a viable method of amplification of the REU 
signal will be ‘discussed and tested. 

1.2 The Regeneration Electrode Unit 

This device has been developed to record impulses 
from many nerve fibres simultaneously with the same device. 
It is called a Regeneration Electrode because it pi SH is 
solely upon the regeneration of peripheral nerves through 
it for its operation. The device basically consists of a 


number of parallel cylindrical holes (10 holes at present) 
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approximately, 100 microns) in; diameter drilled perpendicu- 
lavivetnrouchea shlat epoxy plate. (for construction and 
structure details refer to Mannard, Stein and Charles, 
1574) eae hanOlea ts drildedisosa that, it jintersectsiat right 
angles through a 76 micron diameter silver wire embedded 
midwayeins thes thickness of ther epoxy slab. The siiver 
Wires are placed as close. together as is technically 
NOss 1p Le. 

The device is then inserted between the two ends of 
a cut nerve so that during regeneration some of the nerve 
PYDECSeWI eC LOWsthrougne the mOLes. | 6nUS, a passing Nerve 
spike will generate a potential difference across the 
resistance of the extracellular fluids, contained between 
the center and the outside of the hole. If the fluid out- 
side the hole is held at ground potential the wire at the 
center of the hole will act as an electrode and records a 
Errors rom( oteileandercarson lol )eaction potential: 

It has been predicted (Stein, R. B. in private 
communication) that the recorded signal strength at the 
electrode will be about 50 microvolts peak amplitude. The 


triphasic peak amplitude is given by (Stein and Wong, 1970) 


if #2 
Ms = Cy) leon 


where L is the length of the hole, D is the hole diameter 
and C is an empirical proportionality constant that is 
temperature dependent. Typically L is 1 mm. with optimiza- 


tion between signal strength and ionic diffusion. 


{ ; A 7 1 v _ a - ; 


in 
















Oe ‘LF, 
v - 
ad 


-ttibneyteq bal il sh so} eieeh: ter anexeig uibitud mi Loe ogee 


‘oP 
bose a0jomevighny 10R) si ahy Vrotecgaie: s aiennst? ites I 


- ‘ : 
wesiven? one @ttee ehyrenush of 35 iss efens a 4702 02H - 
thyity TS e@tos@?etnl, TF Jatt) oe belizcxre we y lotto" wey: : 
Bablisvis srw aoefj ta tonieb costs @Y. x tayotde zelyna 
(sul teed} lo “mods sit to seam iny esas Vitis Fg 
wise tthidss) 4 ialTe2os seols ab Deoti¢d vite eae 


. 4262 220G 


abana ov “ig npevied Ys) teens beet =u elitveb AgT 


‘pile. calvilsoegrdne she 26. oous2zkeae >- 


ia Fo wriw on ri Y Senety te Bligh ef efed af? obte 


& abrass, Bn: ) th 6 Jom Liiw afon odt Ye toteee 
LRmiistog a se (1¢QD .noerss®? bac) niere) sieehaiag : 
hvivy Wi .h# A ( ore72) basorheve aoed enn ot 


ais 35 gijgneit> fanvie Sab¥oost ens gas. titok ipsbaoneos 


onl .Sshectigqns Aasn aslovenrzia 6 Seode-ed fiiw showoeke 


ra 





OTS) .3GW ban afese) vidgovts ai abutilgee teeqg siseuigity. 'o 


Aecross=sectionals view Of a Single hole is 
Mrlustratedeaneri o. i 1% 
The resistance across which the recorded potential 


will develop may be predicted for low frequencies from: 
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where p is the fluid resistivity which is near 100 ohm-cn. 
for Ringer solution. Thus, resistances in the order of 30 
kilohms are expected. The impedance, due to the saline- 
silver interface, however, is much more complicated, and 
requires special attention as non-linear frequency depen- 
dence may affect electronic amplification of the electrode 
Signals. 
1.3 Historical Preview of the Electric Double Layer 

When a metal is placed int8 a solution there will 
Gxisteaspoventialsditterence across: the metal-solution 
interface. Nernst in 1889 (discussed in Butler, 1951) ex- 
plained this phenomenon as being due to the dit.erence 
between the solution pressure of the metal and the osmotic 
pressure of the ions in the solution. Tf the dairerence 
favoured the solution, the solution ions will be forced to 
adhere to the surface of the metal to form a thin layer (a 


process presently known as adsorption). This will continue 
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Figure 1.1 Cross-sectional view of a single 
regeneration electrode unit hole. 
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to happen, until~the electric forces due to the unbalanced 
Charveseare in equilibrium with the pressure difference, 
Thus. there will exist) at the immediate vicinity of the 
interphase a separation of ionic charges called an ionic 
doublemlayenwe Helmholtz) (discussed in Butler, 1951, 
Chapter 1 and 2; Davies, 1967) treated this charge separa- 
Cuaimasmaecipdct LOU mm teamcnarge spersunitearea 6 On each 
plate of the capacitor is separated by a distance d the 


Capacitance Otethnesdoublewiayer 15 predicted by = 


C= 


el 

> 
giving, G ia 
where « is the dielectric constant of the medium and ¢ is 
the potential difference between the plates. This however 
predicts capacitances much higher than those measured 
experimentally. 

The Guoy-Chapman model (Davies, 1967; Butler, 
Ghapeeve, ool se laidy i005) laver, compensated for the 
thermal and mechanical mobility of the liquid ions. Thi$ 
model pictured a rigid layer of ions on the metal side of 
the interphase and a diffuse layer on the solution side. 

The concentration of ions decreased in an exponential 
fashion With distance aWay from the iitverpnase., An S2pproxi- 
mate expression for the concentration distribution for 

ions, which do not display any specific preference to the 
metal with which they are placed in contact, follows a 


Boltzmann distribution (Delahay, 1975), thus: 






















be oan {eH rt: dite oF ab 299402 si yt4ybTs ata ferg ‘calle 
Sits Teh BiveeeTy ae mubrdbtpape nf 2k foicslee 
add ko Ntiaindy ssepbannt sit 23 Sains F11W oredt « nent? 
jinci me belfes eepicis algo? 16 betteese = Seer 
sPeRi ,Totsyd wi Beespoetd). <tlodaiel. waved sites 7 


-“Gteyer sQ4n)0 «lect betaavys (loel ,setysai Sires & yesqentD 


dats Wt Oo Sts Siow re0 eneeda st] 79! L98G69 B20 pols : 
at b sonéierh 2 vii Satevecese |F Forts short oe af3,, to etaig ry 


\t boto beng af teyal -aicyen sd?) 85) Sones ose 


? 
Bi ft 3 ve 
: _ 
by = ur vFa 7 mY 
' i ' = a = 
| . 
GULe sit 30 Intizesan sitoosls bh off 22, s age ; 
taveuqi » 2statq att -sowsed sonaterreh Teeiaeaoe Bae 


DSsTLedom ocedt 88} tedyld coum sooretiogese 23 oie 
(iis asi epee. 

<73i3 ‘S201 .2nfvali)) Labon annged) > Youd aT > 
$57 tor Seseensagas : tOotnt (Aaget Unie toe Tags if te2qad sae i ; 
what ,aqot bitpi) sili to yd fi domi tes baka Bae Lear oald a 
20: ebig (nieit aA? ao znet “to Syste ks b howigofa lebie 
hie nolTglo2 oft ao sacks euPbeb BR pas svetaeretnk ata 
baLounoves a5 qf -bestaisdh Zhe, Yo hak rertwegae’ a 


“is ana hrne eee L eee» (haw a 
“ae pene if 


pees oe a ae} oe 










Pee 






92g 
Grgeuee kT (aoe 


WheresOmiscetnerconcentration Of 10ns at a point in the 
diffusion layer where the potential is $4, C. Iomtnuewconcen- 
trationeotaons in the bulk solution, Zz 1s the valency of 
Ghesronsseketseboltzmann s constant. (=) 1.50 x ep joules/ 
molecule Re T is the absolute temperature and q is the 
electronictcharve (= e@lonx T Osmae couly, winel924 Stern 
(Hautes welOo/PmebUiiClem CdD LCT OZ lov) a Delanay, 1965) com- 
bined the double layer models of Helmholtz, Guoy and 
Chapman. He proposed part of the charge to be firmly bound 
to the metal surface and the rest of the charge to be 
loosely bound and exist as a diffuse layer. This picture 
as modified by Grahame (Grahame, 1947) is the presently 
accepted model of the double layer and will be the basis 
of the remaining discussion of the subject. There are many 
recent refinements to the theory, but these will be largely 
bypassed as they will not offer any dramatic changes eee 
theory needed to.describe the impedance characteristics of 
an electrode. 
1.4 Modern Description 

The double layer in equilibrium is described in two 
regions as shown in Fig. 1.2. Immediately adjacent to the 
Pond surface is the compact layer, or inner layer, only a 
few molecular diameters in thickness. Following this layer 
is the diffuse layer, or outer layer, of molecules which 


decreases in concentration out towards the bulk solution. 
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Figure 1.2 The electrode-saline double layer. 












JaTim : 
; 2S be See A one - 
: 7 Sa ele ay Ravn * 5 Snes ; 7 : 
ag i 


ie) = So EE ea 
5 SR C52. A kD Eat qaiwery rt AS YAU 
bis oe ee Bete 

ae aeugala 


sf) > aa ASYAt ; = 7 
VOITLEICS AUB ft: ee | 


Y 


10 


Since the entire interphase system is electrostatically 
neutral, there must also exist on the surface of the metal 
an excess or deficit of electronic charge imposed by the 
charge transfer during the adsorption process. 

Depending on the electrochemical properties of the 
different ions in solution, it is generally found that in 
most solutions there are specific ions and sometimes even 
neutral substances that will show a specific preference for 
adsorption and will cling tightly to the metal surface. 
(Delahay, 1965, P. 58, states that any ion can be Specii sa 
cally adsorbed under favorable polarity and magnitude of 
charge on the electrode surface). The exact reason for this 
Wopecit1cladsorpci1on'pisestaligcontroversialss ~Normally, an 
ion in solution is surrounded by attracted water molecules 
forming a hydration sheath. horcesmeother thangelectro: 
static attraction called London Forces, exist that may act 
on the ion causing it to penetrate the hydration sheath 
boundary and stick directly to the metal surface. The degree 
of hydration then would determine whether an ion could get 
Alase enough to the metal surface to be specifically adsorb- 
ed. It is generally agreed that the specific adsorption 
forces are short range forces. Grahame has suggested that 
the forces may be due to a form of covalent bonding at the 
metal surface. Also ions with hydrophobic ends would receive 
less resistance to their approach to the metal surface. 

If an ion does not display specific adsorption 


tendencies toward the metal, then the forces of attraction 
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will not be great enough to separate the ion from its 
hydration sheath, and the ions will form a second layer 
behind the specifically attracted ions. This layer is 
called the outer Helmholtz layer. Thus, the compact 
layer may actually consist of two sub-layers. Usually 
the inner Helmholtz layer consists of anions because of 
their greater polarizability and compressibility. 

In its modern form the compact layer is modelled 
as two discrete parallel layers of opposite charges, the 
innermost layer generally being a compact regular array of 
anions held in place by strong close range forces. At the 
outermost layer the forces will not act as strongly and 
thermal vibration will somewhat disrupt the regular array 
pecations a pieltorthis: separation of charge there will be 
an electric potential appearing across the compact Layer. 
Assuming a uniform dielectric constant k across the compact 
layer and neglecting the thermal diffusion of the outermost 
layer, Ershler and Grahame GREER ys IPRA es See) 155 OSs 


Grahame, 1947) estimated this potential as: 


Ang, (x,-x,) 
- TREO RE 
*M x, ma bee 
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The term bu bx, denotes the potential difference between 
the metal surface and the outermost limit of the second 
sublayer of the compact layer. Distance to the locus 
connecting the electrical centers of the inner Helmholtz 
ebieme Wis x, and to the centers of the outer Helmholtz 


Lave TasuSe x The potential is considered to be entirely 
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due to the charge qi of the inner Helmholtz layer, and 
the diffuse layer adjoining the compact layer has been 


considered as completely polarizable. 


When adsorption of ions is nonspecific the forces in- 
volved will be due to coulombic and chemical bonding effects. 


As already mentioned, these ions will not be able to approach 


the electrode surface any closer than the outer Helmholtz 


plane, as they will be separated from the inner Helmholtz 


plane or surface of the metal by a layer of water of solvent 
molecules. At this plane the concentration of ions will be 
maximal and compact. “Moving away from this compact layer to- 
wards the bulk solution, thermal agitation will have an in- 


creasing tendency to overcome coulombic forces, and will dis- 


iz 


rupt the molecular organization until finally it is the primary 


disturbance. This region is called the diffuse layer. 


The diffuse layer ions behave as an “ionic atmos- 


phere" surrounding the electrode and have been described by 


the Debye-Huckel equations (Butler, Chapter 2, 1951; 
Grahame, 1947). Poissons equation is used to describe the 
potential variation ¢ along one direction x perpendicular 


to the electrode surface: 


_ p 
b= y fies 


The permittivity of the solution is e« AnGepy Loeecharee per 


unit volume is determined by the sum: 
p = In,z.q Pibaieg, 


where n; is the number of ions per unit volume at the 
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position where the potential is 9 and Z5q as the scharee 
of the ion. An expression for n; iseobtained from the 


Boltzmann Distribution equation as: 


ies eee (oles 


where W. is the work required to bring an ion from the 
Hilkeot es rhessoluutions co the potential’ ¢, .k is the Boltz- 
Mann constant, T is the absolute temperature and Noi Sete 
number of ions per Unit volume in the bulk of the solution. 


Hence: W. z.4 
“ET _ a 


yo t@Ve mn 


p = In 32; 042i 0? i 3 t 


SiTice W, = za theselectric work done on the 10n. substi- 


PoLOnmerte Oe (Nou mint Ord. 4. ote il Ves: 


: z.4¢ 


= 2) aE 
—= = —+ in Ze {1.9} 


Solving this equation from $(x) involves integration of the 


following expression (Grahame, 1947): 


f csch Sie dg {1.10} 
Be 


Me q i 
pS aye 


where Xo is the distance out to the bulk solution and we 


define b the potential of the bulk solution as zero 


potential. Integration gives: 
i 
s ekT za¢ 
eX Ne 0 ie In tanh ele As; 
; | 22°q'n, | | | 


Defining the Debye reciprocal length as: 
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Z _2q 
then, x8 In tanh ne | le lea 
q 
or, Ge ee arc tanh e *~ {12153 


For low concentration solutions this expression may be 


approximated as: 
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If the solution contains only nonspecifically adsorbed 
ions, the charge per unit area on the metal Stet rrode 
surface qu will be balanced by an equal and opposite charge 
per unit area -qy contained in the diffuse layer. However, 
if specific adsorption is present, the diffuse layer will 
contain an additional charge density qd. Dalanciny ecoeeex - 
cess charge density due to specifically adsorbed ions in 


the inner Helmholtz plane. The charge per unit area of 


surface charge density is defined as: 
q =" ieee p. dx Paleo 


and is the total charge contained in a column of solution 
extending from the plane of discontinuity into the bulk 
solution where 9 = 0. 

Potential profiles of the entire double Pay cig 
shown in Fig. 1.3. Fig. 1.3(a) is the case where the 


adsorbed charge in the compact layer is less than the charge 
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Figure 1.3 Double layer potential profiles (a) when tie 
compact layer charge is less than metal 
surface charge, and (b) when the compact 
layer charge is greater than the metal charge. 
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on the metal surface, while Fig. 1.3(b) is the case where 
very strong adsorptive forces collect a charge that is 
greater than the metal charge. The potential across the 
compact layer is approximated as having a linear dependence 
(Eq. {1.4}) onthe distance from the surface. Although this 
does not create a serious error, it is clear that the depen- 
dence is more complex due to changes with distance of the 
dielectric constant of the medium (Parsons, P. 166, 1954). 
1.5 Polarizable and Nonpolarizable Electrode Interfaces 

If an external potential difference is applied 
between a metal electrode and the bulk solution into which 
it is immersed, and no flow of charge occurs across the 
interface boundary, the electrode is said to be behaving as 
an ideally polarizable electrode (Mohilner, 1966; Breyer, 
1963; Davies, 1967; Parsons, 1954; Parson, 1970: Bockris 
and Reddy, 1970). The behavior is entirely governed by 
the separation of charge in the double layer, and the 
potential difference gradient across the imteriace as 
easily changed by the external power source. This action 
is analogous to charging a non leaky capacitor. The equili- 
brium attained is an electrostatic equilibrium of separated 
balanced charges. Current flow will be entirely a dis- 
placement current that will irreversibly polarize the 
interface. On the other hand, if charge can freely migrate 
across the interface, and despite the current flow the 
interfacelayer does not wander away from its equilibrium 


potential gradient, the electrode will behave as an ideally 
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nonpolarizable electrode. This action would be similar 
Lonthat of applying an external potential difference to a 
shorted capacitor. 

Real electrodes which can satisfy either of these 
ideal extremes of course do not exist, as polarizable 
electrode interfaces will leak current to some extent and 
nonpolarizable interfaces will change their potential 
Sicneiveeel1stincttonsissmade only in the relative degrees 
Otemolami abi) ty eelinemdetTeenor spolarizability sof san 
electrode interface is governed by electrochemical faradaic 
processes in the form of oxidation and reduction reactions, 
which control the rates at which charges can transfer 
across the interface boundary. 

Fig. 1.4 shows a simplified representation of the 
activation energy barrier that an electron must tunnel 
through during such a charge transfer reaction. The height 
Pomtheeactivatlonecicrey, panrier thats the electron sees,on 
the solution side during the oxidation reaction is given by 
nelayey jeyeteyahivess eps the metal work function -qA¢ and the barrier 
symmetry factor 8. A is the potential difference required 
tomremove ithe electronic charce. qeesleso x mee coulomb, 
from the metal surface and g is defined by 

; Distance across double layer to energy barrier peak 

g = PLStance Be arstance across double layer 
Conversely, the energy barrier height the electron sees 

during the reduction reaction (seen from the metal side of 


the double layer) is (1-8) qAdo. Thus, application of an 
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Distance from Electrode 


Double layer energy barrier that electrons 
must surmount during electrode reactions. 


The symmetry factor g is determined by the 
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external EMF will have the effect of increasing the energy 
barrier in one reaction direction while decreasing it in 
thewother? 

When no external EMF is applied to the electrode a 
stand off condition exists between the oxidation and re- 
duction exchange current rates, and a net compromising 
equilibrium exchange current density j, will exist giving 
rise to an equilibrium potential difference across the 
interface. This phenomenon is similar to the contact 
potential difference experienced at the junction of two 
dissimilar metals. Upon application of an EMF however, a 
nonequilibrium current density j is created due to a 
difference in the oxidation and reduction exchange rates, 
and the interface potential difference will depart from 
its equilibrium value by an amount E called the nonequili- 
brium overpotential. The relationship between j and E can 
be determined by theButler - Volmer equation of electrodics 
(Bockris and Reddy, 1970): 


le Eq 
(1-8) -8 
ip Se it -e ey fie 16} 


where q is the electronic charge, k is BoMiezMalnesscon- 
stant and T is the absolute temperature. In most cases 
where electrodes display little current rectification 
tendencies (an effect known as faradaic rectification) the 
symmetry factor, 8, will take on an approximate value of %, 
thus slew te O ve eCCOMeS.. 
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OL, j_= 2 j, sinh ay {ele} 
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Hence equal positive and negative overpotentials will 
puecucemequdlmexchanvemcunrrents, asesiOwnsin Figs )im5. 
When expanded in a series Eq. {1.17} may be reduced 


to a linear approximation of the form: 


1 oreo Sh 


when ste —meOrmiJOmtveateroOometemperature. =AS an example, 
Steceawe UY percentuscr tOteinncnie lincanm approximation 
Wrliwbem-2.52.) [his linearedependence between current 
density and overpotential indicates an ohmic behaviour of 
theselectrochemical osenesston GCUrrents aleelow sextermnally 
applied voltages. We may rewrite Eq. {1.18} as: 

E = PyoJ 


where Pus = an is the metal-solution interface resisti- 
10) 
vity. Close examination of this resistivity identity: 





(leo 


Pevealsethe polarmvability Otgthe electrode interrace to 


depend on the magnitude of the equilibrium exchange current 


density ibe As sh increases to very large values: 
: a goa, CLES ae 
lim PMS = em a7 = 0 
ieee Bh cite 


the interface becomes ideally conductive and tends towards 
ideal nonpolarizable electrode behavior. If on the other 
hand j, becomes very small: 
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Normalized exchange current density 
versus overpotential. 
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and the electrode.interface approaches ideally polarizable 
behavior. 

Romane an Lemmec One denea pureesiiver electrode 
immersed in an aqueous solution of potassium and chloride 
ions. A conceivable process would be the flow of silver 
ions into solution and the reaction: 

pee GAp ietae. {1.20} 
However, the activation energy is large so that only a 
small exchange current would result. The discharge of 
SOlucionmionsmintomthe méetaleis mot “iikely, to occur and@so 
the electrode behaves as a polarizable electrode. 

If the silver electrode was instead immersed into 
an aqueous solution of silver chloride it would behave 
quite differently. The reaction {1.20} occurs readily and 
quick yesandewrlietranster considerable tcharge due (toethe 
silver ions already present in the solution. Here the 
electrode behaves as a nonpolarizable electrode. 

A polarizable electrode may be converted into a 
nonpolarizable electrode by creating an adherent layer of 
Saltron its surface? An sexample sof rsuch anvelectrode ais 
the silver-silver chloride electrode in which a layer of 
Silverechl orideeis produced pon'a wiresby *electrosdeposi- 
tion. When immersed into a chloride solution, and an 
external potential is applied, the reaction will be: 

Nomevel ISaAeCly+ ae {1.21} 
If the metal is placed at a positive potential with 


respect to the solution, silver ions on the surface will 
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extract chloridetions from the solution. When the poten- 
tial is reversed, chloride ions will be discharged into 


solution. 


1.6 The Electrode Impedance 


Now equipped with a better picture of the electrode 
double layer process, we are in a position to formulate the 
impedance pathway that influences electrode current flow 
response to externally applied voltages. Starting with the 
electrode metal interior the current flow will encounter a 
small resistance which we will denote as Ry Then, once 
reaching the interface boundary, the impedance will depend 
largely on the polarization of the double layer and the 
magnitude of the excitation voltage. Two pathways are 
available, these being the capacitive and conductive path- 
ways. If the electrode is highly polarizable the impedance 
behavior will mostly depend on the separation of charge 
across the double layer boundary. This capacitive in- 
fluence, which we will call Cor is voltage dependent if 
the excitation amplitude is large (Bockris and Reddy, 1970) 
but remains fairly constant at lower amplitudes with magni- 
tudes in the order ot 10 to 20 uF/cm*. Alternatively, the 
electrode may be highly nonpolarizable causing the impedance 
to depend on the conductive exchange current reactions 
across the double layer. When excitation voltage is low 
the resistivity behaves linearly according to Eq. {1.18}: 
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thus allowing undistorted passage of exchange current. 
Dupterentiationworeru. 4 Wk) Megives the ancremental high 


voltage resistivity as: 


fhe. 
EMS) 39 
Ped qE 
> GEE See ee 
qE 
eke 2k] 
OT, Pus ~ € ele cio 


Soe 


when se S558 one Me, S22 Pe aly 
which indicates that severe distortion of current will 
result at high voltage if the double layer impedance com- 
prises a large portion of the net electrode impedance. 
Resistance due to the exchange current resistivity will be 
designated as Roy and will be combined in parallel with COL 
since the interface must support both currents simultan- 
eously (especially when behavior is somewhere midway between 
the polarizable and nonpolarizable extremes). 

Temporarily bypassing the diffusion zone and focus- 
ing attention on the bulk solution, the conduction process 
here is a result of electrolyte ion drift responding to the 
externally applied electric field. The impedance therefore, 
will demonstrate ohmic behavior (Bockris and Reddy, 1970) 
and at low frequencies may be represented as a pure resis- 
tance, Ro- 

Returning now to the diffusion zone, we find that 


due to its frequency dependence the impedance cannot be 
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represented in any simple manner as it is a distributed 
parameter system due to the ionic diffusion. The charge 
transfer process in salt solutions is diffusion controlled 
and is described by Fick's Diffusion Law for large flat 
ermtace sal Mavcametianwo 7 0. BOCKkriseand Reddy.) 1.970. 
Grahame, 1952; Bockris, 1954; Randles, 1947) 


2 
che Gin en) a) (el easy) 
coe se pie {1.24} 


ox 
where c(x,t) is the ion concentration dependent on the 
distance x from the Outer Helmholtz Plane of the double 
Jayer and on time t, and D is the diffusion coefficient. 
PEawemconsider anuprocess understhe aniluence of an alternat- 


ing icunrent ofi@frequency w such) that: 


i(x,t) = I(x)eJ** less 
and further, if we assume that (a) at x = 0 the rate of 
diffusion of ions equals the rate at which ions are used 


up in the exchange current process, that is: 


dost) Se That Xe) 
ese eet ee tae tibs Alem 
x=0 
where z = ion valency and F is Faraday's constant (96,489 


coulombs), the charge on one mole of ions, (b) the current 
gradient at the double layer surface is proportional to 
the time rate of change of the ion concentration at the 
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end tainally (ca) a5 4a result of the applied current there 
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will be a harmonic variation in the ionic concentration 


at the double layer surface such that: 


e(xat) sz C(xjed**t {15284 
BVESUBS Titus Onmotelqemi1-2olpandirq. @ila28} panto Eq; 


{Pe26imandeEq. 11227)}_awe may convert to phasor notation: 
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with respect to x and substitute for Foe ron eye haes Niche eh Oh ok 
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ae: =5 Cie) B= 10 kay 
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where A and B are constants. The second term on the right 


Li. de} 


is physically impossible as it causes C(x) to become very 
large with distance, so we may conclude that B = 0. Thus, 


EQ mule ebecomes 5 


(+5) [ap |x 

Cia (Oe VAS 

where C(0), the concentration at the double layer, replaces 
A. Because of the concentration gradient of ions near the 

double layer surface a concentration overpotential will 


exist. This overpotential is defined as the difference 
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between the electrode potential measured while ions flow 
across the interface and the equilibrium potential of the 
electrode. The concentration overpotential may be obtained 
via the Nernst Equation (Bockris and Reddy, 1970; Bockris; 
ToSt ee BOCKriIS wily o leas: 


E(x) = a ka (alee ahs {1.34} 
S 


where C. TS thesconcentration of 10ns In the buik solution. 
A power series expansion of Eq. {1.34} yields a linearized 


version based on the condition that C(x)<<C.. This is the 


case if the excitation voltage is kept low enough, thus: 
Eis) ie rise ried Loa ie 


Gombinaeronectwlo weleesS leandsbq. f1.55) cives: 
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or defining, . 





Eq. {1.38} becomes: 


a1 
# 


Z = (1-j) ow {1.39} 


Hence we see that the diffusion zone impedance may be 
pictured to behave as a frequency dependent diffusion resis- 
ah 

2 


tance, Ra = ow and a capacitive reactance, Xa = ow 


This impedance is commonly known as the Warburg Impedance 
and will be given the notation Za 

At this point it is appropriate to examine the 
frequency dependence of the diffusion layer thickness, 6, 
in view of Eq. {1.26}. Extrapolating the linear part of 
the concentration versus distance curve and extendine ae 


to intersect with the bulk solution Concentration, +G the 


S 7 
diffusion layer thickness 6 may be defined (Bockris and 


Reddy, 1970): 


Boe clk oS {1.40} 
where, é(t) = [nDt] A Le 
Ons 6(w) = [72] Tia} 


We see that as the frequency decreases, the 
diffusion layer thickness must increase. Eventually there 
comes a point where one dimensional motion of diffusion 
ions is disrupted by convective electrolyte flow attempt- 


ing to compensate density changes and the diffusion zone 
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can no longer exist beyond some maximum distance 
(Bockris and Reddy, 1970). The frequency at which 
this transition begins to occur will depend upon the 
diffusion layer thickness in comparison with 


cleCm odes diametered-sm cq, {1240} is valid only if: 


6 <) -d. 
qc 
ie 
Ole 2 <a. 
giving, w > #2 Tila 


As mentioned earlier, the Warburg Impedance is a 
distributed parameter system. The voltage drop along the 
conductive path towards the bulk solution (xS=o) 1 Sein 
phase with the current due to a resistance R ohms per unit 
distance. Associated with the electric field and charge 
distribution is a capacitance C farads per unit length 
between the conductive path and‘the bulk solution. The 


System is equivalent to a transmission line where one of 


the conductors has uniform resistance R per unit length and 


TomcOup leds byea capacitance: per unit length to a second 
conductor having negligible resistance. Pigneeleo ES nOW saa 
section of such a transmission line. 

If we consider a differential length dz of the 


line, the voltage change across it is: 


~=— dz = -RdzlI 
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Figure 1.6 


Transmission line equivalent circuit of the 
Warburg Impedance. 
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giving, = = -RI {1.44} 


Also at any instant the decrease in current is the current 


that is shunted by the distributed CanacCrGya0T: 


ae a3 Y 
Be ot) racers 
ee: I 
giving, 2+ = -c - ie st 


Differentiating Eq. {1.44} with respect to z and substitu- 
CinCeroewe tl. 45} sintoetne results Lor at gives: 


Ze 


3 
il jee A {1.46} 
dZ 


Eqs. 11.44}, {1.45} and {1.46} are clearly analogous to the 
Pineamecitius1onsbqsee al a2Gr 11.27) and {1.24} respectively, 
and by the same methods used to solve the latter equations, 
the impedance of the transmission line results as: 


1 
2) 


pee td 49 Ea {1.47} 


where by comparison with Eq. {1.38}, o = Ea 
All of the electrode impedance components which 
have been piecewise described to this point may now be 
PMNpeC mi UL Upsenetecquivalent circult oSmshowneina sag.) alc: 
Due to the frequency dependence of some elements and the 
dominating magnitudes of others, it is not necessary to 
carry out a lumped network analysis unless specific elec- 
trode information is desired (eg. Pollak, 1974). The 
electrode frequency response behavior may be predicted by 


Separate consideration of the elements at low, mid range 
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ano nien 1requencies:. 

(netie mid-treaquency= region tne-~electrodesim- 
pedance will be chiefly controlled by the Warburg Impedance, 
Zw A 10 dB per decade roll-off of the impedance magnitude 
may be expected until finally, at some higher frequency, 
the impedance of the diffuse layer will be negligible in 
comparison to the spreading bulk solution resistance, Ro. 
Thus, at Nigh frequencies the electrode impedance can be 
anticipated to level off at some value, Rg. 

At very low frequencies natural convection of the 
bulkesolution limites the increase inv diriusion” layer 
thickness with decreasing excitation frequency (Bockris 
and Reddy, 1970). For this reason the Warburg Impedance 
Will’ be unable to continue its 10 dB per decade rise in 
magnitude but instead will be forced to level off at some 
constant value with further decreases in frequency. 

Electrode surface roughness also affects the 
electrode impedance at low solution concentrations. Work 
along this line has been done extensively by de Levie (de 
Wevie 1005 ~"de Levie, 106/)e= Warburg impedance behavior 
nas Deen snow thieure tically: 0 exist in’ Microscopic pores 
perpendicular to the smooth metal surface. By decreasing 
the depth of the pores, a porous electrode may approximate 
a rough electrode and the results determined for porous 
electrodes may be crudely applied. Development in this 
area however, has been scarce and primarily qualitative. 


Evidence for the surface roughness effect stems from 
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measurements of frequency dependent double layer capaci- 
tance from solidpolarizable electrodes not carrying a 
Panto nce Curreliien Gemuey. Le. Prot 57 l8toO, 509, 1967), It 
has been observed that the frequency dependence decreased 
HatkedlVvedsetnessOlldmelectrode: 1s heated to 1ts melting 
DOC na LeVeT mi nNemrest cine behavior may be, if 1s 
Cleapetiateslrracesrouchness must attect electrode: imped- 
ance in some manner. A uniform current density cannot 
exist over a rough surface as current flow would tend to 
favor protruding areas over recessed areas. Inhomogeneity 
of the electric field and the diffusion flow must also 
SxS Ur 

MisOopeLonmo feecuctre mC raunllOni1 zea Substances 
onto the electrode surface has also been shown to produce 
a frequency dependence of the double layer capacitance 
(Parsons, 1961). The cause is attributed to variations 
in the double layer charge, affected by the presences of 
neutral substances and their slow rate of adsorption, 
compared to ions, while following alternating potential 
variations. The resulting impedance is much more com- 
plicated than the Warburg Impedance, but terms containing 


4; 2 : 
are present in both numerators and denominators of 
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the impedance expression. 
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CHAPTER 2 
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MEASUREMENT OF THE REGENERATION ELECTRODE IMPEDANCE 


We have seen in Chapter 1 that the electrode 
interface significantly complicates the impedance pathway 
ofsthe Signal source. When attempting to obtain experi- 
mental measurement of this electrode impedance, the mag- 
nitude of the test signal amplitude is of particular 
ImMpUntance.smsinethe case Of the regeneration GLectrodes , 
very small signal amplitudes are expected (in the order of 
SQemicrovelts), which means 1t will be operating well° within 
its linear impedance region. Consequently, when performing 
impedance measurements, the test voltage applied to the 
electrode must be maintained small enough to approximate 
this same linear behavior. 

Cela oe MeaSULING eteUp 

The measurement of the regeneration electrode im- 
pedance evolved into two phases. In the initial phase it 
was desirable to gain some preliminary knowledge eof what 
the impedances of the recently devised electrodes would in 
fact be. Sincedifferent fabrication techniques were being 
tested, 1t Was also necessary, tO detect any gross ditferen- 
ces between electrode types and to collect pre-implant data, 
so that the best leads could be Selected after regeneration 
of nerve fibres has occurred. Thus, initially, the impedance 
measured at 1k Hz, the commonly accepted mean frequency of 


extracellular spike activity, was adequate to specify the 
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electrode properties. 

In order to specify amplifier input requirements 
for the regeneration electrodes, it was advantageous to 
seek impedance measurements over the recording bandwidth 
OGenenvemspike activity —from 100 Hz to 10 kHz. In some 
cases the measurement bandwidth was extended to gain a 
complete picture of the electrode properties. 

The set-up used for the impedance measurements 
is shown schematically in Fig. 2.1. The electrode was 
plaxed in a glass beaker filled with amphibian ringer 
solution as the electrolyte. A large bare silver wire 
was used as the second or ground electrode. Since the 
surface area exposed to the electrolyte from this elec- 
trode was large, its impedance was considered negligible 
in comparison. Before measurements were made, the beaker 
and contents were placed in an ultrasonic cleaner to 
vibrate the tiny air bubbles out of the regeneration 
electrode holes. They were then left alone for a minimum 
of three hours to allow for electrochemical stabilization 
Oipubve velectroderintertace. 

Resistors Ry and R, functioned to reduce the 
sip WVeUuten Oreste CONStantL=yOlLage "Oscillator told devel 
small enough to operate the electrode in its linear region 
Maximum peak amplitude applied across the electrode during 


measurements was 10 mv. With switches S5 closed and §S 


1 
Open, ecle Vvarltables Calibrating resistor Ra was adjusted 


until the voltage amplitude monitored across the electrode . 
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was half that of the source voltage, Vo: Switch S5 was 
then opened and Sy closed and the value of Ro measured 
With the ohmmeter. This value of R. was then used as the 
approximate (see Appendix 1) value of: the magnitude of the 
electrode impedance. 

The small value of the source signal voltage 
caused slight noise problems at very low frequencies, es- 
pecially when electrode impedances were high. Shielding 
the beaker with a grounded sheet metal cylinder helped to 
Teaquce. this problem. Shunt capacitance created problems 
Only at 1requencies above 10 kHz, but again this problem 
was not significant unless the electrode impedances were 
very high. 

2.2 Measured Results 

Single frequency impedance measurements at 1 kHz 
were made on 15 regeneration electrode units. In total, 
impedance data from 117 electrode leads was collected. 
Leads disregarded were those with impedances too low or 
less than 25 K ohms, and those with impedances too large 
or much greater than 1M ohm. A wide variation in elec- 
trode impedances was expected due to fabrication tolerance. 
For example, a drilled hole may not meet precisely on center 
with a silver wire but may nick a corner, thus causing the 
impedance to be higher than normal. The mean average 
impedance of the 117 electrode leads tested was 122 K ohms. 

Fig. 2.2 shows the impedance-frequency response 


characteristic of a single electrode lead. A 10 dB per 
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decade decrease in the mid-frequency region clearly 
demonstrates the presence of the Warburg Impedance due 
to the interphase diffusion layer, as discussed in 
Ciaptenel At 12requencies, of about 10 °kHz the curve 
begins to Pevelmotwemndicatingsasbpulkesaline resistance 
near 8 K ohms which may be considered the resistance of the 
electrode channel. This value is considerably below the 
theoretical value of 30 K ohms indicated in section 1.2 and 
is probably a result of the following: A wire embedded 
off-center in the epoxy slab will sit too close to one side 
Chmtremio lemme thusmeneaucings the effective channel resistance. 
Secondly, surface roughness and smearing of the silver wire 
frommdril ling, coulda be Causing a marked increase™=in. the 
electrode Surtace area. in contact with the saline. This 
Secondmreason canebe substantiated’ by, comparingsFig.- 2.2.10 
Eiveeece Sewhichshowsethe impedance characteristic of 4a single 
76 micron teflon coated silver wire with its cross-section 
only exposed to saline. The 40 K ohm value of bulk saline 
GFesiscances obtained trometig. 2.5 15 about: 5 times higher, 
indicating: ausveniitecantedecredsemuneciectrodessuritace area: 
Impedance characteristics of 6 leads from a single 
regeneration unit are shown in Fig. 2.4, illustrating the 
lead-to-lead variations that are encountered. The 1 kHz 
impedances vary from 68 K ohm to 15 K ohm. An average plot 
taken from measurements from 6 leads of another electrode 
Int MCuini dca Pedi! Geum Shere  uhnesaVveTage, Ja kiZ 


impedance is 45 K ohms. 


40 


hi 


eran. B Work gheot dtd fent i: ee ee 





Oe) rn 
‘ wou +,\_% : 
eee Er 

oe 

























_ in 
_giresits sabe Nopistpoxt=Ham oi feeorseb 8 208 ] 
eh padehoant! er one ta soaae eg ait ‘eorard ey, . 
ne besanne th. 24 tte ria = ey ‘sepitgtoa nd wr i‘ | 
avTuD aif sib OL foods Lo cobonénipard aA a! 07g6K = 


gnneteaieo: stifles diud es paitaciboal Peo. deeel Cy eeeeeeees 


=A i 


sts to vanbdeieot sit bevebientvu a¢ yam Gop aie So see 
ett wofed yidavsitzucn ab sufey era? Deo shertoene 
smn S.f mokjoor ci Letisatbni emié D Gt De eee Pasltovoees 


ot any 20. divest & eitedota 22 7 / 


Df ok -_ j . ; ’ 
Th ia! ones TIA f\ Sit DW ; 
F a 


ini2 ono OF Seols oot. dfe liv’ dale ytegqe er ae gadaeee see 
soneseieot Leanand eyitosiad sd yrtoubet eat Sion) Smee if 
otiw tariic off to gaiteone bas 22endgone sogntie 4 (eeeee eee 


it of 9augvunl bettum & yoleuss od Bities Qniiiiah Bowe 7 


eV 


til -anite2 alt dAdew fostitos nea Soe: \IRaeaS ahowtoets 
as Sok eer garrsamos va bats fta2 sya dase! wd! wey heskat bap aee | a 
OFak he. By to. PhtzLTaz #1o> Gooner eas aw tis dye ts BET Eps 
noOkIIS2-Ba07ds 222 «pliw eriw Fowl Fz Dees oo nuties thpott 2itait ar be s 
egetbe Ated Yo onkavosmio. © OS mwa? -ceretes es boedgqre «bee 
etengirs amet d. tnods at £,f » BilPh rg’. Vaptande, ones ct ee = 
{ae¢e oR? Tie sbotso5fo° af eens ised: pian iting te 5 acitniaeS 












Pevteulis oh ¢ fon Otte 3 Se Naa 
Pdi re NS aR eee tin 4 

‘ > f a ed te a. 7 rs 

a ; DIP. ; ALD Sb font : eb, I ' , Ke 


a 
>» 7 
», ~ 
4 





10M 


= 
E 
6& IM 
@ 
me} 
ces 
= 
ao 
Oo 
= 
q 
oO 
= 
o 
mo] 
2 100K 
E 


1OK 


PLU E Cres. 














pupil Ne ee ae rT er 
10 100 IK 


Frequency (Hz) 


rap 10K iOOK 


Impedance characteristic of a Single 76 
micron teflon coated silver wire. 


Al 





fe) 
oO 
bas 


1OK 


Impedance Magnitude (Ohms) 


Pee emer 





100 IK 1OK 1OOK 
Frequency (Hz) 


lnpedance, characteristics, Ob Os KEU leads. 


42 


wor 


4 
/ 
“ 
& 
at 
P, 
lick 


pees OV Wad ot ee ae 
OG 





1OOK 


1OK 


Impedance Magnitude (Ohms) 


PigugerZs> 


100 IK 1iOK 
Frequency (Hz) 


Average impedance characteristics of 6 
REU leads. 


100K 


43 






Ldeo ab —— LLts a aro aa earl 


moat By AY 
4) y Meat 






a to avi tefvevoucmts. pans eae a. T 
ir - a , ' 7 


100K 


Impedance Magnitude (Ohms) 





eye UiCarc) 610 





Frequency (Hz) 


Impedance characteristic OL a paar of 
implanted REU leads. 


44 






tas d-4. artes “ 
sie he AP 2 = = es) Se so on a co Pit tne 


fee) vertaworty? 


oe ” 


ae 
to. sfae s to: ul t2i18 Toate ve wie 
2 sae ad i 


4m at 
7 7 - 
i 
| . Re r ' 
; . 


45 


Impedance measurements of implanted electrodes 
have not been routinely tested so far, due to apprehension 
that the test currents could seriously disrupt regenerating 
nerve fibres. Some measurements were made on an unsuccess- 
ful implant still in-situ. Eighteen lead-to-lead measure- 
ments at 1 kHz gave an average impedance of 345 K ohms or 
an average single lead value of about 170 K ohms. Response 
Prone 0euze tol OekHzZeotesone pair of these. leads is) shown 
Deh Cae 0. 

2.) eimplications for ethe RecordingesAnplitien 

A detailed description of the implantation of the 
electrode is presented in Mannard, Steingand Charles. 1974. 
A summary of this description is given here. 

The-obyect nerve 1s cut about three-quarters through 
the cross section and a 3 mm length of polyethylene tubing, 
prepared with a notch to accept the regeneration electrode 
inition KEUS placed around) tne nerve to form a cuff around 
the cut section. ‘Next the REU is placed into the notch in 
such a manner as to allow the nerve fibres to tunnel through 
the holesedimino regeneration. After it is in place, the 
REU is sutured tightly to the cuff. Leads from the elec- 
trode are connected to a multi-pin socket imbedded in a 
biologically inert skin button which is located at some 
GONVenlent aCcess point on the body surrace.  Anux-ray 
photograph of one implant in the leg of a cat is shown in 
[east | SAILS 
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X-ray photograph of implant regeneration 
electrode unit in the leg of a cat. 
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the REUs involve connecting amplifier channels directly 

to the skin button socket. Running: coaxial cable from the 
socket to the amplifiers is an undesirable situation be- 
cause of cable shunt capacitance, electrostatic noise 
induced by mechanical vibration, and cable bulk. Con- 
sequently, it would be far more preferable to place the 
input transistors of a recording amplifier directly at the 
skin socket and obtain downward impedance transformation 
of the source signal so that coaxial cables will no longer 
be necessary. With this arrangement the only matter of con- 
cern will be shunt capacitance present in the electrodes 
and leads. 

Since the electrode is simply the tip of the lead 
wire, attention need only be given to the capacitance be- 
tween the lead core wire and the surrounding electrolyte 
fluid. The capacitance across insulation of relative 


dielectric constant e separating the core wire of dia- 


Tae 
meter, d, and a concentric outer conductor of diameter D 
which of course is the electrolyte bath, can be calculated 


from (Robinson, 1968): 


0.245 ey 
C, = ——_ pk /cm 
10844 H 
d 
Using ees Det O CeCe GL On 
De 000A She aS ec 0 ecm 
5) qieihyely newer es ten 


gives a value of 2.92 pF/cm. Since maximum lead lengths of 


10 cm are expected, the maximum shunt capacitance per lead 


47 






























i ; oe a, a i Tus ir 
wy - yt m= 

ee 

elissrlh efounots BOC SGRA you sonnei 
si} mevs Pideo LALXEOS qe tend .tatsoe Bey 
vitnutic se ldavieshns’ ha ef stake ae 

ee rom-ocyesy 26 7e leo eave Sigeges a ivigt gidng tw 
ies ote iw eRe 


ot eldeistoev". 67s t 1a. SG 2 fea, ae. iimnaupes u 


‘yea “er leds poebgooet-s he arggedenors ange 
j a rit aii OD BWits Wty RG sn bas PSASUe ebitee 
Los moi. it at we a ria Lith A tats oe ey pie ne henge. eotyoe only i =e 


Yo ‘tara bh file eds Spots ine eee dvi” tae ebzon ed i 
afd a il Iseate reser) tadde ‘ef Ltiw dian ol 
.2hage Brin ie 
7: & uit  iyyoke 2) -ShieaGaee wits aaa ea "1 
od SMPs SAGES » i arte, ao time bear aolinstts wath 


avYiniioeady satSanpeee, oad fae 5.4 e%o3 beset aat3 eeu | 
‘oviveler to motki taut Sages Speer cose Say Raut oy | 
“eh bo ‘eta svrocied? yReegtaegee is a Sunaktiy ’ styssofeah i | | 
a ros ORE Lp a a vita UDIGe TWIN SOS RegerS + litle jb *o1 si 
betalyolso od mb> yited soekouss lines wid el ledeae> Io. Soktie i 
iP: s (Rael aggalwoty moa” 
’ ange lay hal er 


will be approximately 30 pF. 

An equivalent input network of a single electrode 
amplifier connection Pomme re sei tod sii ent Ocee Oe POT, 
simplicity, the electrode impedance is treated as an 
equivalent series combination of conductance Re anaareac- 
tance -X,, and the shunt capacitance as a lumped value of 
Co. At a given frequency f the input voltage US seen by 


an amplifier of input resistance R, Wi thie 

Vv. = =e Ve. i201} 
Therefore, to assure maximum input voltage to the amplifier 
the bracketed portion of Eq. {2.1} should take on values 
GlOSemcOmlt. 


Tf the amplifier 1s chosen so that its input 


impedance is very much greater than the electrode impedance 





or R,>>R, and Ri>>Xp than Eq. {2.1} may be approximated as: 
ve r 1 
tet Sinks G1 OPE PAE aa Oo 
WE [+20EX,Ce + j2miR,C, 
Ve 
or am = . eee 
S 








1 
2 2|2 
| (1+27£x,Cg) + (20£R,Co) 


A practical estimate of this value at 1 kHz can be made. 
Since values in the order of 100 K ohms can be expected 
Lox Xp and Re and, using a maximum of 30 pF of predicted 
shunt capacitance, Eq. {2.2} is evaluated as: 
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Figure 2.8 Amplifier-source equivalent input circuit. 
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Thermal noise will also be added to the source 
voltage due to the conductive mechanisms in the recording 
electrode. The rms noise voltage E. produced from an 
electrode resistance in the order of 100 K ohms can be 


obtained from the Nyquist relation: 


EL = VAKTRAF 
where R = the electrode resistance 
4kT = 1.61 x 10°7° at 290 ° k 
and Af = noise bandwidth in Hz 


Since a 3dB recording bandwidth of 5 kHz is planned the 


corresponding noise voltage produced will be: 
* 


E “*°) (10°) Gxsx10°) | 


1€ 


| (1.61x10 


EY = 3.6 uw volts 


Nerve signals of about 10 times this value are expected, 
flVINS wan Input sagnal to nose ratio of 20 dB. If the 
recording amplifier used were to have a noise figure of 

3 dB the output signal will be increased to 20 times the 
output noise level. It would be desirable therfore to use 


an anplifier with a noise-figure of less than 3 dB. 
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CHAPTER 3 
REGENERATION ELECTRODE AMPLIFIER 


3.1 General 

The REU impedance measurements discussed in 
Chapter 2 are useful in specifying the properties of the 
recording amplifier that will be required for this device. 
An average impedance magnitude of 100 K ohms indicates 
that a high input impedance amplifier is necessary. Since 
shunt capacitance is not Significantly present in the 
electrode, the use of input Capacity neutralization will 
not be required. The extremely small signal level and 
high noise level of the source electrode dictate the 
necessity of a very low-noise amplifier. 

In section 2.3 it was mentioned that due to 
limited space conditions in the vicinity of the electrode 
Skin socket, it would be advantageous to place only the 
input transistor of the amplifier onto the skin Socket. 
This would allow eoinaaziann WAC long flexible wires to be 
made to the actual amplifier body, placed at some conven- 
ient distance away from the recording site. An amplifica- 
tion method developed by Bergveld, WIOS3.eO Leersegusatis tact 
tory means of achieving this set-up, while also satisfying 
the other amplifier requirements stated above. 

3.2 Amplification Method 
Placing a field effect transistor at the test 


Sight, and having the drain and source of the device make 
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connection via long leads to low-ohmic points (in the 
order of 100 ohms) enables relatively interference free 
Signal transmission to be achieved. A set of conditions 
MuUstepemsatist 1 CdmsOmciateaneancterrerence nolse voltage 
commonly introduced to both leads is not allowed to in- 
fiuence the drain current, of the FET, ({Bergveld, 1968). 
These conditions are that, (1) the low ohmic drain 
connection must equal the low ohmic source connection, 
and (2) the FET must be biased such that its amplification 
factoremeta kcsmon ea evalucei<1 85h1s second condition 
requires the FET to be biased in the "ohmic" region where 
BtaWwhiliebpehavesaseawvoltage variable resistor (VVR). The 
Giicu tio bell oem leshows thesseccup wsed to achieve the 
proper FET bias and balanced low ohmic coupling. 
See CaS LS 

The important factors that govern the transistor 
current bias levels entail the following: 
Ls Vos of the FET should be such that it will operate 
TTL em OUMLcmene ClO mm onatac ters tlc Ip VSe Vos curves 
for several 2N3819:\ FETs were tested on a curve tracer. 
The devices with the lowest knee voltage (500 mv) were 
selected for use, as these required low bias voltage levels 
and hence fewer biasing diodes. For best linear operation 
it is best to choose an operating voltage such that 


Vps<2V , therefore Vos = 200 mv. was used. 


knee 


ves Ves of the FET should be such that the device will 


operate in a region where g, is substantially large without 
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Figure 3.1 Amplifier circuit diagram: 


Q, = Q,: Fairchild 2N5117 Bipolar low noise 
transistor 


Q: Texas Instruments 2N3819 field 
SprectumeLoans stor 


D,: Elcom ED4 germanium diode 


D,=D,=D,=Do=De: Elcom ED21 silicon diode 


OA1 = OA2: RCA6741T operational amplifier 
(low noise) 
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demanding extremely large drain current levels. From the 
CUunmVvesttacer miaractelristics 4 Ves value of 600 mv. was 
found to be satisfactory. At this operating point g_ had 
a value of 1.2 mmho and Ty was about 460 microamps. 
6 The collector current levels of the bipolar transis- 
LOTS Q, and Q. should be such that the devices are working 
in their lowest noise region. For reasons to be discussed 
later in section 3.6 based on data supplied by the manufac- 
turer, the 2N3117 transistor was selected on the basis that 
it achieved low noise operation when biased in the neighbor- 
hood of 1mA. Many transistors are available that can ob- 
tain low noise operation at significantly lower current 
levels. However in this application larger current levels 
are necessary because of current demands of the FET. 

Giving consideration to the above factors the 
d.c. analysis of the input stage is as follows. Since both 
Q, and Q. must draw the same current of 1mA: 


Current through R= I = dl 


ImA - 0.5 mA 


Ipz = 0.5 mA 
Current through Re = In3 + Ty 
Seem Ag te U..)o eal 
Inc = 1.5 mA 


The voltage at the emitter of Q. is determined by Vas of 


the FET since Vez = Vas = 0.6 v. Hence the value of Re 


should be: Vez 
oS eee et 
R5 


54 






: ats 
ie a 
ond mort .eleval si iiol et abt Sateen ne 


saw ih GOB To, dwgey al % ease dipghoiends aes bst 
bat 9 tetor gntsstego eins tA - yrorgmRadsgs od * ; uO 7 ey 
-aq@msctsin Go+ Hous <2aw qe van ode S41 fo outa s am 
-aiagett teloqid aca to elavel sneatye Pebsetied adf 9 oe re 
gute tow STE: 2esiveb gag tcit: woye of dtipeide 49. bus <P ayo? ves - 


bscevoath od of enozbes 10% “eolget Seki Senwel cdeta ee ee : 


sstensh shit vo botloave 2946 ate ie aad ak nodiose ag ‘ster. 



















= a 4 


: 


a 
tedtt 2itod elt wo bezoels. saw tobe pene TERS eae peace 


-todtigien of? af hediid nadw tok? #sedo ail wot bovetioa +t 
do ges nit lieve ons SOs eienpid ern Awl to Sood: j 
$e37%) 2 tewol Vi tes iti ge, ts eet +a7Eqo eziox wo! ntat * 
efeysl iIneztyo tsats! cotveciigds emmy ef tevyewon’. Steen a 
isi eit to 2hnensé Tires is otiritaed Kfaczooen BTA, _ 
oj @toyos? evedé sas 0) gereerei anes galyso 
dgod sont? ewoliol es ar aupge ang “lt to eieylane ob 
Aut 26 Theevs nae ode One f2um ae ban rd 

Pi naiiind reeTTa2 


4 
_— 
i 


of 
Renner 


& 
tu 
< 
4 





In section 5.2°1t was cited that the drain and source of 
the FET must both terminate on equal low ohmic connections. 
Therefore Ry must also take on a value of 400 ohms. A 


required current level of 0.5 mA through R, means a corres- 


5 
pondinge 0 Zavetdropeacross its) This voltage must be 
Supplemented by the 0.6 v. forward bias voltage of a 
Silicon diode placed in series with R, to create the 


necessary 0.8 v. level at the emitter of Q,, since: 
VE? = VE3 + Vos =U SOVe tes cy = 80" ov 
The required voltage at the base of Q, must then be: 


V NS 


B2 ae, = 0.6v + 0.8v = 1. 4y 


BE2 18 

which suggest the use of two 0.6 v. silicon diodes and one 
0.2 v. germanium diode. The resistance Ry is chosen to set 
the proper current levels through D,> D, and Dz topattaain 
this voltage. Similarly, the voltage at the base of Qz 
must be: 


V V + VE3 =i iNatenie Se TOR lny = Seeks, 


BSeG BE? 
which suggest the use of two 0.6 v. silicon diodes. 

The circuit of Fig. 3.1 was constructed using the 
Closest resistor values available. Measured d.c. values 


from the actual circuit were as follows: 


Ia5 eB PON Iu. eal OlamAS 
Ip = Obs/ Leann 3 Inc = 1.46 mA. 
Th = 045° mA Vos = UN 22 VA 


Using the latter two measurements for the FET, a working 
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Value tor the drain to source resistance is obtained: 


V 
Ra = qo = 490 9 
D 
oS. 4ae As Gena lLySis 
iby Representing the FET: Since the FET is operated as a 


voltage variable resistor, changes in Ves Will regulate 
drain resistance and hence drain current. The drain to 
source voltage Vos is maintained at a constant value by the 


circuit regulating diodes D. through De ands thertore: the FET 


1 


operation may be specified in terms of its trans-conductance 
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di 
Z D 
nk TH are Esha: 
oe V = iC t 
Ds Ons t. 
ASmedusGiissea il) tne previous section etie This used 
operated with a constant Vos of 220 mv. and Veo of 640 mv. 


Record rnemtomanea lySismOb sthemcuiVve Lracen displdye.or. the 
device Ty VS Vos Charactenuustles dmv a tieeO tL 2x iy 
mho for g, was obtained. 

Zs Voltage gain at the FET drain and source: The output 
at the FET drain and source can be determined by analysis 
ane Goes) Cahaleibeiolss iepe Ieee SR SVEM) Eline (Gays MER SAR lee splays 
the FET drain to source pathway represented by a current 


generator omy, in parallel with the drain resistance Tq: 


gs 
The resistance, Rs; is the equivalent input resistance of 
the common base stages of transistors Q, and Q:- Replacing 


these transistors with their low frequency approximate 


hybrid model (Millman and Halkais, 1972, Section 8-13) the 
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Pigcee. oe (a)s thle represented inecincul te 
(b) The small signal equivalent circuit. 





Bigure 5.4 <(8), A.C pathway of transistor.Q3 


illustrating common base configuration. 


(b) The low frequency approximate hybrid 
Neh OiGlcuken ein eikige hain 


Note: The same circuits would also apply 
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equivalents circuit. of) Fig..3.4)05, obtained. Analysis of 


Cia Secagcurtacives: 


pigs 

By ATs 
OT R. = Mb a 
Lan Ie 


ch Sa 


Substituting 390 ohms for the value of Re ands 2) -OuMs efor 
the hey value of a 2N3117 transistor gives a value of 25 
ohms for R;. 


SOD Wyte eh aire COMLNeMULAIMe@cI neil t) Of hig. 1525 


(b) yields: 
aR. + (I, = gE Wasitg + aR. = 0 | eye 
Theavoltaceetrom Gitomo 1S jeivens by - 
vost ee Gs {3.4} 
Since We = “TGR, feet 
Vs TR; 15.07 


and the FET amplification factor is given by: 
Hp acer UES ease 


Wepmayecombineshgs. ises)ethrougchhd 57 jetoreive: 


ao ee ae 15.0} 
: ; ( VR. 
Vv. Vv, mat Wes R. 
The drain-source resistance, Tq> Was evalued in section 
3.3 as 490 ohms. Using the value of 1.2 x 10 ° mho as 


measured for uae (keh Aloe EN Yileldsei 300588), Substitution 
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of the proper values into Eq. {3.8} gives: 
cue Ve 02027 13% 9} 


This result compares quite favorably with actual measured 
values from the circuit, which were: 


V 


= -0.030 and a = 0.026 
i 


The small variation is likely due to differences in hep: 
De Inputestace voltapencaing Expressions tor the voltage 
Paliismatetne, coLlectorssot Q, and Q. may be obtained by 

BidiyicioaO facies cdulva lentecimcult. Of Fie) 5.5(b)e For the 


FET we have: 


T3Rp + Ce ge “ ToR, = 0 oR LOG 
and since Vos = V.-I5R, Cie Vals 
and lia = I, 1 Ue ad eas: 

DSi des es 


BGs wo-LO} sthrourh {5,12} may be combined’ to give: 
Tj(rgt(ut2)Rp) > u(V5+I, Re) eo ROSS ae) al iS} 
where Leal 
Noting the current division atthe emitters of Q, and Qz5 


we may write: 
22) 20 oe ee £39143 
Ty I h ra 


The output voltage from Q, is: 


Voi = “hep Rol, Pi Gama 
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PU CULe mon 


(a) 
(b) 


A.C, pathway ol amplifier input Stage. 
Equivalent circuit of same. 
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vo = “hppR 4c leo Dt 
Pee roulowsetromeeqein S]ifvertnatebae jf a awk and there- 
e €] €2 
fore Voi = - Voo° Eq. {3.13} may now be rewritten as: 
Ty (rgt ut2)Rg) + I, G@t+2)R, =e fs, 16} 
Bubstituuing Eq. 13-14) erurseeand hd. 15. 19(a)) second: 
ones wh ey R Rp 
ae . . 
ae fal ib” B i (u+2)hi DRE 
Ox V TL ely 
_— = cg EE oe Tle 
i ib 
i rq Qty ye ea ree 
Whereupon, inserting the appropriate values, namely 
= se ooo, hey ze), Jaron, hey =P esos), Rs 390 ohms and 
Ro = 9.1 K*olims gives: 
he. i 
V3 Ve 
i st 
tS eel oar 
Vo2 - Vo4 ae 
or Een fe 


Comparison to the actual measured gains of the amplifier 


are again good, since: 


V V 


01 Bie e0e = 
al = -10 and T. 9 
i ih 
(measured) (measured) 
V - V 
or OE = 19 ey 
i 


(measured) 
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4. The op-amp stages (OAl and OA2) and circuit feedback: 


A differential a.c. amplifying stage using one op- 
amp (OA1) follows the bipolar common base stage as shown in 
Riciw oo. Oe oerTlesr 7esistons R, rs Ry =77. lek Ohms. are: the 
effective output resistances from the Q, and Q, stages. 
pince theacircuit noise is;randomvand uncorrelated, the 
application of negative feedback will not reduce output 
NOdsemlcviels .) (hesteecbackmresistor itselt will however, 
Hijectatnermlalanolsesintosthescircuit.. the value for the 
feedback resistors Re and Ro of 1M ohm therefore, is a 
compromising value, high enough to produce sufficient open 
loop gain, yet low enough to add a minimal amount of noise. 


ANALY SismOLMUEOn SG .0 Vives thesrol lowing voltage gain; 


Re 
AY = Reete la {3.20} 
i sC 
where Re = Ro 5 Rg and R; = R, = Ry. Letting t = R.C,; 
R 
Eq. .15.20} becomes: eet ST 
el eh Eo (ony 


A@avagram Of the sinpute carcuiteincluding overall 


Beedback 1S pshown in Figs) 5. /. ) the teedback voltage, V 


fae 
1s produced=by the voltage divider, Ri > and Ri 3> thus the 
feedback factor, £8, is determined as: 
R 
Bai or 1 e222 

LS eZ 
Substituting Riz = 10 ohms and Rj> = 1.1K the value of 
oo Colehmestalalexeh hs Riegel 

ith 


With the feedback loop opened, the open loop gain is: 
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Reel : 
Vo2-—_\/\/\ J 
9.1K ee 
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Epeiness.0 8 Ditrerentialya.c. Coupled op-amp stage’. 





Figure 3.7 Voltage-series feedback ope cshiebeybur, (Oabeeley inte 
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where K is the amplification due to the input FET - Bipolar 


stage obtained in Eq. {3:19} as having a value of 19. If we 


R 
let MS Ge then Eq. {3.23} may be written: 
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Z ST 
Closing the feedback loop we may write the closed-loop gain 
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A ¢CtA,B)st 
and finally A eS arate TSeAMERD EH Seo 
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The value of=the coupling capacitor Cy = C. may be obtained 
using Eq. {3.25}. Since a low frequency, half-amplitude 
cutorl, frequency of 100 Hz is proposed: 
fae E | ju (1+A,8)R.C, | Esk ae 
ar : : 
A Af i. + jo CI+A BRC) | Z 
at thescutott frequency © = 27( 100) “rad/sec.. Thus: 
w(1+A B)R.C, 
2 2 24% 
hale (1+A 8) (R;C,) } 
2 2 2 2 2 2 
or Aw (1+A “8 ) (R,C,) =e ee (i Ars) (R;C,) 


givi ies etc eae SOE Se Meee Ae %. 273 
2V3n£(1+A 8)R; 


Suns tI] tuting 66 = 100. Hz, R; = 9.1 K, 8 = =~ and 
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R 


= i dt of . = “9 
AY K R, 2088 gives: Cy ee eee 
At midband Eq. {3.25} reduces to: 
Ay 
AG T* 6A, 1.28} 


giving a closed loop midband gain of: 


x 3 2088 
Ot me 12h 2088 
ea 
or A = 105 


of 
An inverting amplifier is used as the final stage 
to provide an additional gain of 10 and high frequency 


POLiRGt ES Chip aoe) weelhejclosedgioop gainwis piven by: 


11 1 
A SS att pees 132 20}t 
V Rg I + joR, {Cz 


For the proposed half-amplitude cutoff frequency at 10 K Hz: 


1 soa 
T¥ jak, ,C, 2 
24% 
or [2 + (oR, ,Cz) | = 
+ v3 73 
giving CC. = sp = — 1 00) 
oS OBoTr Sane | 
9 
C. =1922, /OsxPeo F 


3.5 Amplifier Noise Mechanisms 


The three main noise mechanisms found in solid 
State anpliriers are referred to as thermal noise, excess 
or 1/f£ noise and shot noise (Motchenbacher and Fitchen, 


Ses: Nee 
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Thermal Noise 

Thermal noise, also known as Johnson noise and 
Nyquist noise, is present in all conductors as a result 
of the random thermal vibration of charge carriers. It 
is therefore the prime noise mechanism in resistors. In 
bipolar transistors the base spreading resistance and 
source resistance generate thermal noise, and in FETs, it 
is generated from the channel resistance. The rms noise 


voltage E. Ofeamresistance Rais Pivensby: 


E, =ey 4 UR A ek: 
= 2) O 
where 4khie= el 0 lace 0 ge ToS ae 


R = pure resistance in ohms 


and Af noise bandwidth in hertz 


For circuit analysis, we may substitute a noisy resistance 
by a noiseless resistor of the same ohmic value iiesemies 
with an rms noise voltage generator EL 
Excess Noise or 1/f Noise 

As the name implies, the spectral power density 
of this type of noise increases limitlessly with decreasing 
frequency. Carbon resistors generate excess noise when 
direct current is being passed. Current tends to flow 
unevenly through the compressed carbon granules creating 
'microarcs'' between them. This problem can be eliminated 
by using tin oxide, wire wound, or metal film resistors in 
low noise d.c. applications. Excess noise is present in 


bipolar transistors as a result of base current flow 
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through discontinuities in the base-emitter depletion 
region, and inFETs from leakage gate current fluctuations. 
Surface impurities and dislocations are also a source of 
transistor excess noise. Because of its 1/f nature, ex- 
cess noise need only be considered in low frequency or 
decemamnDp Lit ere applica ELOns. 
Shot Noise 

Shotmnoise: 1 sspresentpateal | semiconductor 
junctions, and is a result of the pulsatile nature of 
quantum bundles of charges flowing across the junction 
potential barrier. In bipolar transistors, snot noise! 1s 
primarily a result of base and collector currents across 
the base-emitter junction. In FETs shot noise is generated 
from the gate current flow across the gate-channel 
junction. barrier. The rms value of shot NOUS OucUGiEN Gms 


given by: / 
Men 2qIyncAt 153.5 Ca) 


where _q = electronic charge 
e159 x 10) coulomb 
I —sdirech current in eanps 
Af = noise’ bandwidth in hertz 
3.6 Active Device Noise Considerations 


The FET, Q, 


FET noise voltage generated at frequencies above 
1K Hz results from the thermal noise of the channel resis- 
tance, Rj. This noise is known as van der Ziel noise and 


can be predicted according to: 
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Paw = meey A es, As feo eo ost 


The value for Ry of the 2N3819 FET was measured experi- 

mentally in section 3.3 to have a value of 490 ohms. Using 

this value over a 5K Hz, 3 dB bandwidth, Eq. {3.33} gives: 
ED = 90 25 UV 


The channel resistance may also be approximated from: 
Zeal 
Re a, oa eA ES, 


Again strom esectron 55 «the value: ot ore eek i mho 
is obtained, giving: 


Ra =~ 550 ohms 


Promebquetss35) it 1s seem thatevan der 21el noise is 
minimized by decreasing Rj, or, Prone dere oh o4 sy eDy increas 
ing g2 however, the degree of flexibility is limited 
because of the biasing conditions as per section 3.5. 

At frequencies less than 1 K Hz, FET noise voltage 
results from excess or 1/f noise resulting from the captur- 
ing of charge carriers at the generation - recombination 
sites in the gate - channel depletion region. The fluctua- 
Prose OLeciacver at tieeewonne Tesulrs™ in asta ckering 
gate - source noise voltage. Devices with low internal 
gate leakage current, Toss» Wil nave Low excess NO1se, 
however, if a high Tags value is the result of surface 
leakage current only, it will not affect the noise level. 

Selection of the 2N3819 FET was based primarily 


on its ability to satisfy the circuit bias conditions, and 
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to obtain the largest possible value of 4 while operating 
in the VVR region. A maximum Tass value of 2nA, while not 
being the lowest available, did not appear to result in 
erent canteadditiong =anounts#or notse..) The choicesotea 
JFET over a MOSFET is more preferable, as MOSFETs have 
anywhere from 10 to 1000 times the excess noise level. 
MOSFETs are best used When source resistances are greater 
than 500 K ohms, which is above the average 100 K ohm 
regeneration electrode impedance. 


The Bipolar Transistors Q, and Q3 





Unlike the FET, surface leakage current on a bi- 
polarmtcransis tor chip will result in increased 1/f noise 
leveolsemmlors Lowinoise, applications, theretore,~1t 1s 
desirable to use a low leakage, surface passivated and 
hermetically sealed transistor. 

In the midband frequency independent region of 
transistor operation, shot noise mechanisms will dominate, 
and the noise produced will be highly dependent on the 
value of source resistance used. The optimum operating 
“noise factor of the transistor is obtained only when the 
source resistance is optimized. Optimum value of source 


resistance ,R ,is given by (Motchenbacher and Fitchen, 1973): 


vs) 
-) 
fT 


3 
YD 2 
Beta ee )| bei ett 


= 
oP 
1@>) 
8 
1) 
RD 
i) 


Chdirte cia Cult seul rent yap 
Cy baal base - spreading resistance 


Yr . = emitter resistance 
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When Thp! Loene ohne ib es 


O02 6 
Re a0 viene {3.36} 


Investigation of Eq. {3.36} indicates that increasing Io 
will reduce the optimum source resistance required. Look- 
ine pack, trom thesbesemormeatransistors Q, and Q, sla VenWfeds, | Sa st 
a low source resistance value of about 400 ohms is seen, 

due to R and Re respectively. Thus, to optimize the 

noise performance of Q. and Qz they should be operated with 
deicohmco Wee LOtm_ClLreCnt moll cemtne sailplitiver Dias 
conditions requires that) these) transistors operate at a 
relatively high current level of ImA, meeting this low 
noise criterion does not pose any problem. 


AMM ctmeOmCieCnODLIMUMNenOLSent 1 CULL jae attain - 


opt’ 
able froma transistor is defined by (Motchenbacher and 


Rrichen, 2975)= 





beet 


From this expression, we observe that a transistor with 
high current gain will produce less noise. 

THee2NS Ul /ecransiscormused 4s Q, and Q. is a 
hermetically sealed planar transistor having low leakage 
currents (10nA maximum). Contours of constant narrow band 
noise figure shown in Fig. 3.8 indicate a favorable noise 
figure of near 4 dB when the device is operated with a 1mA 


collector current and a 400 ohm Sourcé resistance. A plot 
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of normalized current gains Versus cCollector=current of the 
PNOUMWmeISeSnOWwn in@Pige SeOree che tiguresshows. that the 
transistor will operate near its maximum current gain, 
WhiChwUsmabOuUtHoOoO0 —wnenemtsecollectorecunrentsis ImA, 
makineerteaudesirablesselection as!farvas Eqiet{3237) is 
concerned" 
The Operational Amplifiers 0Al and 0A2 

In addition to the normal semiconductor noise 
mechanisms, the operation of an operational amplifier 
can be seriously affected by any popcorn noise generated 
inmeLesmini tial andmsecondastaves. == lhis popcorn ™mno1se, 
also referred to as burst noise, has a power spectral 
density with a 1/£° function with l<a<2 and most often 
a = 2. The-cause of the noise is believed to be from the 
modulation ’of junction current by defects in the junction, 
such as a metallic precipitate (Motchenbacher and Fitchen, 
ASTER) 


The noise performance of an IC op-amp depends a 


lot on the manufacturing process and not solely on the type 


number. The RCA CA6741T is a low-noise linear IC op-amp 
that is free of popcorn noise as a result of improved 
processing developments and rigid popcorn noise inspection 
criteria. This selection process also assures good over- 
all excess noise performance as well. 
3.7 Amplifier Noise Measurements 

The inherent internal noise of an amplifier may 


be represented using equivalent noise voltage and current 
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generators at the amplifier input (Motchenbacher and 
Pitchen, #1975). Such a representation is illustrated in 
Fig. 3.10 using a zero impedance noise voltage generator, 


En? in series with the input port and an infinite impedance 


noise current generator, I ie la ca ule laws ne 101Sse 


voltage generator, E represents the thermal noise of the 


ie % 
Sdiia ies Ol Cer. 


According to superposition theory the mean squared 


input noise of the amplifier, he Pe may be obtained as: 
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ee Se a ie +E {3.38} 
1 E =0 En! £ =0 ECW eo 

n ie 

E,=0 I I 


To determine the affect of Le we short circuit EL and E> 


giving: 
2 
2 Dae? ZL 
Lee oe I Re SS ery LAE 
nN nh (RetZey) 


Similarly, to determine the affect of En WeeSILOU CaCGuLGULL 


E. TiC pC me Gr IAG UNC I> so that: 
2 
21 hes 22 ZL 


E a 


{3.40} 


And finally, to determine E, we short Le and open I 


giving: > 
ake 
2 2 i 
E eS ect (ea dit 
EG t (R ih Ve 
Sa 
Applying Eq. 13.38} we obtain the sum: 
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Figure 3.10 Amplifier equivalent input noise model 
(Motchenbacher and Fitchen, 1973). 
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From Eq. {3.42} we obtain a definition of the mean squared 


; ; : 2 
equivalent input noise, E as: 


jy ta ee 
OE aly sap) 
Eni = ER TEDTIRS 1545) 


Measurement of E_., E_ and I 
ni n n 





The thermal noise Ey of the source can be ee 
mined quite easily by application of the Nyquist relation, 
es eS Se, 

The second term ED is independent of Source resis- 


tance, R,, so that if R»is set close to zero Eq. {3.43} 


becomes: 
Eas = bo {3.44} 
ni n : 
Thus, 1f thesampbifiertoutput noise, Bhai is measured while 
Re = 0 the noise voltage EL can be obtained from: 
4 ae 
ED ~ er felee eR 


where AL is the amplifier voltage gain. 

Since TLRs usedirectly proportional to R,, while 
E. 1s proportional to the square root of Ro; the Ha term 
of Eq. {3.43} will eventually dominate if Rees Ut fe men ct, 
large. How large Re must be of course depends on the amount 
Ofanoi ses currents I generated by the amplifier. Consequent- 
Lys ad the, ampliriér outputenoises Eo? 1s measured while 


Ro is very large the noise current I can be obtained from: 
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Ineo account. If the thermal noise contribution is still 
Significant for large values of R, its effect must be 
subtracted. 

A measurement of equivalent input noise, Ei? may 
be accomplished using the sine wave measurement technique 
(Motchenbacher and Fitchen, 1973 and Vandenbrock, 1969). 
The system voltage gain, G» is measured at midband with a 


sine wave signal and then the rms noise voltage, E at 


no’ 
the amplifier output is measured. Finally, the equivalent 


input noise is calculated as: 


a = ue 
ni Gy 


EAD, 
The equivalent input noise of the REU amplifier 
was measured with the hook-up shown in Fig. 3.11. The 
value of the source resistance, Ry» was varied from 50 ohms 
to 10 M ohms to determine its influence. The sine wave 
generator was inserted in series with ve and the amplifier 


so that the system gain, G and frequency bandwidth could 


2 
be measured. With this set-up the signal level could be 

set significantly higher than the noise levels to be 
measured. Finally, the output noise is measured on the 
ouput meter and the equivalent input noise is calculated 
using Eq. 13.47) wlhermal to1se, Levels Ofsthe source resis - 
tance are determined using the bandwidth measurements in 
conjunctionwith Eq. {3.31}. 


The meter used was a true rms reading meter 


(Bruel and Kjaer, Type 2409) with a bandwidth 50 times 
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Figure 3.11 Amplifier noise measurement circuit. 
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#9 


greater than the output noise bandwidth. The meter, 
amplifier and source resistor were electrically shielded 
anaeconneched «tOeeround vyiasaesingle line to prevent out= 
side interference and ground loops from entering into 
the measurements. 

AD LO tent Eni versus Ro forethe= REUPamplatfier is 
Showin cos. |2emrocparatescurves for the individual 
functions Eye IB and TR, Areva sominciladed toml1llustrate 
their relative contributions to the equivalent input noise. 
At low values of Ro; ee alone is important and exhibits a 
Value om 1l.o;microvolts. A 10°M ohm value of R, is not 
Sutficienc to wallow the TR voltage to dominate the thermal 
noise voltage. At Rg = 10 M ohms, values of Ea ae as) 


microvolts and EY = 30.2 microvolts were determined, thus 


a value for ihe Pemohtained uUsSiner Lae) 158452): 


n2. - p2]7 2 all = 
foe ni £ ; Aen ee Ont 
2 Ro 10° 
Ss 
giving I = 3.7 picoamps 


The point at which the En line intersects with 
the TAR lines ate Ree AS OK Teh CRpeoReL Cm Sued 1 SOmGd ei Lele 
cant. At this value of source resistance the Ei curve 
approaches closest to the EY line, or in other words, the 
amplifier adds a minimum amount of noise in comparison to 
the thermal noise already present from the source. This 
obviously, from a low noise stand point, is the optimum 


source resistance with which to operate the amplifier. 
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A value for the optimum source resistance, Ro» may be 


predicted mathematically from: 


E 
R = {3.48} 
n 


ce) 


— lye sey te 
a ie a 


Ul 


giving R 


430 K 9 
Since an average electrode impedance of 100 K ohms is 
expected, the amplifier will in fact be operating near 
this optimum source resistance. 
Measurement of Noise Figure 

A figure-of-merit for an amplifier, as far as 


NOlsemismeoncemned, 6s the nose tisure, NE expressed) in 


dB. The noise figure in terms of En and i is defined as: 
2 


Eee 
NF = 10 log —{* {3.49} 


Ct 
MeO OLeN beaver Sus Ro for the REU amplifier is shown in 
Fig. 3.13. As can be appreciated, the curve dips;to a 
value of about 1.5 dB when the source resistance is about 
450 K ohms, the amplifier's optimum source resistance. At 
thisspoint the amplitier's noise Contribution 1s only 20% 
greater than the source noise. 


The optimum noise figure, NF that the amplifier 


OD 
is capable of reaching is obtained by combining Fass) (5049). 


fee STC eI ED = TR. giving: 


BL 
= ig) jel 
NF opt = 10 log | ih ae OKTAL | 135. 9 OL} 
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Using ED = Sr Omacrovolts and I = 3.7 picoamps over a 
measured bandwidth Af = 5.9 K Hz gives: 


NF =SOMtotmicls = 0. 55005 
opt 


Wersee trom fir. 95.13 that the noise figure is 
less than 3 dB for source resistances of value from 30 K 
ohms to 5 M ohms which is well within the electrode 
impedance limits. At 3 dB, half the amplifier output 


noise will be from the source. 


A comparison set of Eni and NF versus Ro curves 
measured for the Grass P15 solid state amplifier, a leading 
low-noise commercial physiological amplifier, is shown in 


Appendixes ll 


83 
















"2 | i ee ee 


e a0 eqectsig yt = - bins ee 
a cH C.¢c. = oe 

1b 2.0.= €f.4) Q0b Ot =e | 

ET mine amg |: Tae 
1 FE mock dguley Jo Ceommfenest Sato? 108, Bb E wedi, seal 

Shortaate silt nmidtiw Dish ef cote Dactiadiadeces) 

MatHo yvoltifaqns sat tien ,g5 < 7A eahim tt Sonshogmk 

93 T202* of 088 ‘ey, Sie oeton 


"e 


ei Suggs? s2hon’ sy tear <i 





ia 


2ey TL 5 Ne Lloay ai brni& * 5 We, 1S¢ 08 brea a 


a A a0 


- 
qninesl « ,THitilotts otete biloe dt 2n ayo! ade 0% peruesoar : 








at meray? fe “~edodi fein feorye Lo Reagan ‘Sako toes orlos- wee): 2 ee “ 

; ae : 
aa an a 

| ae 








— 


CHAPTER 4 


~ 


AMPLIFIER RECORDING TESTS 


4.1 Preparation 

limieteds success in obtaining reliable régenera— 
tion electrode recordings, dictated that the amplifier 
recording tests be made using a conventional nerve record- 
ing technique. 

A unipolar measurement preparation was set up 
using the dorsal cutaneous nerve of a frog. As shown in 
Fic 4eleethe preparation involved the use of-a silver 
TECOrdineewireetOmlirt thegneryve outs away from the tissue 
saline bath,into an insulating paraffin oil layer. A second 
ground electrode is placed into the frog's tissue. This 
arrangement produced triphasic nerve action potentials when 
the nerve was excited using pressure contact on the skin. 
Ne eee US 

Electrode impedance measurements of the set up 
Teayeleeaerye: ab UA Ne Colgtin sippyoaeanter Wi Eiey ery eel Pema eC QUENCY, 
dependence due to a small Tha phase angle. This is expected 
because of the relatively large size of the electrode wire. 

The nerve impulse recordings were made inside a 
screened room with a 5 mm length of nerve raised into the 
Speewaein Oscilloscope snapshots of several superimposed 
triggered impulses are shown in Fig. 4.2(a), (Daman Canna) 
Fig. 4.2(d) is a snapshot of the amplifier output noise 


envelope using the 120 K ohm electrode as the source. When 
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Figure 4.2 





0.4 msec 


pa 


O.4msec 4 msec 


Amp litier test recordings. 








divided by the amplifier gain, the envelope represents 
ane equivalent input noise voltage of 3.3 microvolts rms. 
Comparison snapshots using a commercially constructed 
Grass P15 physiological amplifier are included in Appendix 
ele 

Unshielded tests outside of the screened room 
near a.c. power operated equipment and open flourescent 
lighting, created some 60 Hz interference problems, as 
SHOWN li rie., 4. Seeeeinemtestsmwere cone with 10 inches of 
unshielded connecting leads between the FET and the ampli- 
fier main body. Outside interference however, proved to be 
a result of pick-up from the nerve preparation and not the 
FET leads. Tests with the source shielded and the FET 
leads unshielded did not detect any significant increase ~ 
in noise levels above the amplifier's internal noise level. 
4.3 Suggestions for Interference Noise Level Reduction 

When the REU - amplifier hook-up is made, one of 
the electrode leads can be used to serve as an "indifferent 
electrode." This electrode will be inactive as far as 
Signal is concerned, but will have the same impedance level 
as theother active leads. The indifferent electrode can 
then be connected to a second amplifier channel, working 


differentially in conjunction with the active recording 


amplifier to supply common mode rejection of the interference 


signal. A method of accomplishing this may be done by 
madiftying ithe second op-amp stage, 0AZ> of Fig. 5.1 from 


that of an inverting amplifier to a differential amplifier 
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Circuit as illustrated in Fig. 4.4. 

With the present method, the REUs have long leads 
leading to the skin button. These leads will not only 
pick up outside 60 Hz interference but. may also pick up 
muscle EMG activity. Long electrode leads can be avoided, 
if the electrodes are fabricated with semi-conductor FET 
Ghipsmponded to ther electrode leadssin close proximity, 
adjacent to the electrode nerve channel. In this manner, 
the long noisy electrode leads could be replaced with the 


interference free FET leads. 
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CHAPTERS 
DISCUSSION 


alee teetrode  l\mpedance 

Aemode Wein WistGariie sche: impedance eftects of 
the electrode double-layer was derived in the theory of 
Chapter 1. It has been developed from theory collected 
from articles and textbooks on electrochemistry, and from 
other investigations in physiological electrode theory 
aUumeaboicatLonetechn1dues. 

The frequency response plots of the impedance 
characteristic measurements obtained for the regeneration 
electrodes, indicate a -10 dB/decade variation of impedance 
magnitude with increasing frequency over a bandwidth of 
TOmi ze tomlonk Hzae ihisscharacteristic was shown to be 
analogous to the impedance properties of an R-C transmission 
ince (hic wml jpeeeltawaseconcluded=thatwthisserilect cansbe 
attributed to the diffusion zone layer of the electrode 
interface. A method paralleling that used to derive the 
impedance of an R-C transmission line, was used to develop 
the expression for the impedance of the diffusion zone under 
linear (low excitation voltage) conditions (Eq. 1.38). 

V. Pollak, (1974a), using a computer model simulating the 
electrode impedance network equivalent to the one used in 
this thesis, has successfully matched the appropriate para- 
meters and physical constants for platinum electrodes in 0.9% 


NaCl to produce frequency-response Charecce ri Sticsmeror 
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electrodes by computer calculation. The computated 

characteristics closely paralleled with his measured 
characteristics, thus demonstrating the model to be 

viable. 

Comparison of the REU impedance characteristics 
presented in Chapter 2 with those obtained for silver 
electrodes by another investigator (V. Pollak, 1974b) are 
quite favourable, even though a more accurate technique 
employing an a.c. bridge was used for measurement by the 
latter. The measurements made by V. Pollak on polished 
Silver electrodes of considerably larger diameter (0.254 
em) than that of the REUs(021076ecm) , indicate: ampedance 
levels near 900 K ohms at very low frequencies and near 2 
K ohm at high frequencies. The characteristic diffusion 
layer -10' dB/decade “slope is also clearly present. 

Measurements of the REU impedances at 1 K Hz, 
indicated a wide variation in magnitudes from device to 
device (ranging from 25 K ohms to 1 M ohm with an average 
near 100 K ohms). A greater degree of impedance consis- 
tency would be preferable from the point of view of obtain- 
ing predictable recordings and optimizing common-mode 
rejection of interference signals during differential 
recording. Also, as far as low noise operation of the 
amplifier is concerned, the electrode resistance should be 
maintained as near as possible to the optimum source 
resistance of the amplifier (section 3.7), particularly 


if the REU signal levels prove to be small. The greatest 
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factors found to affect impedance consistency are the 
Surface area and surface roughness of the electrode. 
Impedance testing also proved to be an asset when check- 
ing for electrode faults such as fractured insulation 
causing leakage currents to the grounded electrolyte. 
5.2 Amplification Method 

A multi-channel arrangement is required to obtain 
Simultaneous recordings from the REU. However, the cramped 
condition of the space near the device socket prohibits 
the clustering of large amplifying units around it. The 
Bergveld amplification method was therefore adopted, as it 
offered a satisfactory, interference free, means of being 
able to dislocate the small input FET from the amplifier 
circuit proper, without using shielded cables, to a remote 
position at the REU socket. Furthermore, the relatively 
small number of circuit components in the amplifier allow 
it to be miniaturized quite readily. Manufacturing 
techniques in hybrid integrated circuits such as beam lead 
construction are also available to permit further miniatur- 
ization. Alternative approaches such as using a FET source 
follower at the implant site, require more components, 
shielded cables and extra power-supply leads, and do not 
offer the same capabilities of interference rejection. 

Noise measurements performed on the amplifier 
show that when the circuit is designed using low-noise 
components biased to optimize their noise performance, the 


amplifier can perform as quietly as a leading available 
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commercial amplifier which is considerably larger in size 
(see comparison noise measurements of the GRASS P15 pre- 
amplifier, Appendix II). 

Further improvements of the amplifier circuit can 
be suggested, should future requirements indicate their 
need ae Os Mass Mi ZOuthewiiLEertenenceare)ectionaprepertres of 
thesrlledrain sand sourcesleads .ithesbipolar transistors 
Q, and Q. of Fig. 3.1 can be replaced by matched pair low- 
noise transistors. Doing so will have two advantages: (1) 
the emitter resistance of Q, and Q3 Will be equal, thus 
allowing the condition of Section 3.2 to be satisfied 
more precisely, @ie., the source resistance will equal the 
drain resistance) and (2) the current gains of Q, and Qz 
will be equal making the output voltage equality, 

Vo1 = “Vo>> ile tanNOveme watt Vem niSeaWillnelnee Lect. a | LOW 
whatever common mode signal that has escaped cancellation 
thus tar to undergo further cancellation by the differential 
Op-ailip UAL. 

Uhewseacchie cored specter ehh ecould) bescontinved to 
optimize further the following: it may be possible to 
HOCE verde ti euna GyaeWid Cesd tS a6) Onc emC I Gl teD dl as 
conditions, will need less) drain currene and give =a higher 
“ohmic region trans-conductance. This will mean less 
noise and more gain. 

If greater température stability is required for 
conditions other than the present) experimental conditions 


Oimcne= LOO -LemperaturestabOratory, sasscheme could be 
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developed to make_the emitter currents of Q. and Qs equal 
to the currents through their base biasing diodes. This 
Will allow changes an the torward biased base - emitter 
junction to track changes in the diode junctions. 

At this point in time, it is not known whether 
or not the FET gate leakage-current of 2nA is sufficient 
to disrupt the action-potential activity of regenerated 
nerve fibres. If future tests reveal this to be a problem, 
a FET will have to be obtained with a lower, less disrup- 


tive, leakage level. 
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APPENDIX I 


BRIDGE APPROXIMATION 
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APPENDIX I 


The network of Fig. 2.1 may be simplified to the 


following: 





where Ze is the electrode impedance. Analysis will 


demonstrate that: 








V ih 
a= c 
V Reet Zi 
Ss e e 
lee Ro is adjusted so that: 
ue ae a 
Vv R +2 ! 
s Pre e| 
s — 
then [Re + Z| = 2)2.| ts 
Expressing Ze inspolar form. wegwoite. 
Ze = Ze (cos © + j sin 9) {2} 


where © is the phase angle between the real and imaginary 
VALGES 6 SOLUtIOn Of Jhqs sehl eandsi 2) )reduces,to gsolying 
the quadradic: 
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Tabulated solution of {3))1s as follows: 


(6) Z 
oO 
0 R. 
50a VOR 
Cc 
ie 0.86 R 
ce 
O 
60 On 7oke 
Oo 
70 0.70 R, 
O 
80 0.64 R 
O 
90 DES GeRe 


which demonstrates the error involved should the electrode 
being measured contain significant capacitance. Phase 
angle measurements of some electrodes, using a vector 
impedance meter, showed phase angles as high as 60° at low 
frequencies, but generally phase angles of less than 45° 
were measured. Since the object here was to gain only an 
approximate idea of how the regeneration electrodes would 
behave, the error involved was considered tolerable, 
expecially when compared to day to dayesnit to einee let trode 
impedance. Other methods of electrode impedance measure- 
ments can be used but these are not without disadvantage as 
well. 

The above mentioned bridge can be modified to 
reduce the error involved by keeping Ro fixed at some value 
much greater than the expected electrode impedance (Robin- 
son, 1968). This value may be as high as 1000 me gaohms 
when large impedance electrodes are. being measured. Thus, 


with R.>>4,, expression {1} reduces to: 


sa *. 
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The output voltage measured across the electrode then is 
directly proportional to the impedance magnitude. High 
values of Ro unfortunately create noise problems which 

must be overcome by using larger input voltages that may 
put the electrode into non-linear operation. Also, shunt 
capacitances impose serious limitations on higher 

frequency measurements. 

A vector impedance meter gives an instant readout 
of both impedance magnitude and phase angle, and can be 
used over a wide range of frequencies. To overcome noise 
problems involved with high magnitude impedance, however, 
the instruments introduce progressively larger input 
voltages which drive an electrode well into non-linear 
operating regions. 

A well shielded a.c. bridge arrangement is probably 
the best means of electrode impedance measurement. Accurate 
measurements using bridge circuits have already been 
accomplished by Pollak, 1974, and are proving to be 


reliable. 
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APPENDIX II 


COMPARATIVE MEASUREMENTS ON THE GRASS P15 
PHYSIOLOGICAL AMPLIFIER 
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Figure 1 Oscilloscope photograph of several 
superimposed nerve impulses. 
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Figure 2 Amplifier output noise envelope 
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